This paper describes a method whereby the individual velocity coefficients of a vinyl polymerization reaction have been determined by a detailed analysis of the kinetics of the photo-polymerization of liquid vinyl acetate. The evaluation of the coefficients is made by the development of an accurate method for measuring the life time of the active polymeric molecules employing intermittent radiation. In addition, the kinetic chain length and the number average molecular weight of the polymers have been measured. It is shown that each absorbed quantum of radiation activates one vinyl acetate molecule probably as a diradical. The chain terminates by a disproportionation reaction between the polymer radicals. The size of the growth or propagation bimolecular coefficient decreases only slightly as the molecule grows, the energy of activation is 4400 cal. and the steric factor of the growth reaction is 10"5. In the termination reaction there is likewise only a small decrease of velocity coefficient with increasing molecular size-no energy of activation is required and the steric factor has the surprisingly large value of 10~a.
stationary concentration of the active polymer. If this problem is soluble it is practicable to calculate in moles, litres and seconds the value of the growth coefficient and thereby obtain a numerical measure of the tendency of a molecule to polymerize, according to a given mechanism. Then it should be possible to see much more clearly how chemical constitution affects reactivity. Similar information automatically becomes available regarding the termination coefficient, thereby providing further data about the ultimate fate of the highly active polymer molecules. Precise measurements of the kinetic chain length, i.e. the number of monomeric units polymerized for each molecule originally activated, and the degree of polymerization will enable transfer reaction to be detected, for in such a case the chain length will be greater than the degree of polymerization.
By standard technique the value of the chain length can easily be varied, and therefore it may be possible to find whether the growth and termination coefficients change with the size of the molecule. This information makes it possible to compute accurately what the distribution of the molecular sizes will be in the resultant polymer.
An outline of how this problem can be approached has already been given (Jones & Melville 1940 ). The present paper describes an accurate method by which the above-mentioned problems may be quantitatively solved for the case of the polymerization of pure liquid vinyl acetate.
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In many polymerization reactions it has been established that the presence of oxygen has a considerable effect on the course of the reaction, the effect depending to some extent on the length of time in which the monomer is in contact with the oxygen. In view of this observation all the experiments were carried out in vacuo and all the materials were carefully freed from air I before use. Evacuation of the apparatus was effected by means of < a mercury diffusion pump backed by a rotary oil pump, with the customary liquid-air trap and drying tube in position. Reservoirs of the monomer and various solvents were sealed to the main vacuum line, and taps leading to the reaction system were covered by mercury cut-offs. In certain cases, silicone tap grease, thickened with talc, was used on the taps, otherwise Apiezon L was employed.
The reaction vessel was made of fused silica and was of the design shown in figure 1. The ends of the vessel were optically flat to enable accurate measurement of the quantum input to be made. The vessel Figxjre j The was calibrated so as to act as a dilatometer. For reactions at high tern-reaction vessel, peratures and involving solvents sealed tubes were used and were sealed off in vacuo. Thermostatic control was achieved by surrounding the reaction vessel with a copper bath, fitted with silica windows, through which water from a thermostat could be circulated.
The lamp used throughout the experiments was a G.E.C. 'Osira', from which the outer glass envelope was removed. The lamp then consisted of a high-pressure mercury arc which ran at 90 V and 1*3 amp. Fluctuations in the output were avoided by feeding the lamp from a constant-voltage transformer, and by efficient shielding from draughts. The shield was made so as to act as a parabolic reflector also, giving, therefore, an almost parallel beam of light which was focused on the reaction vessel by means of a silica lens of short focal length. The polymerization reaction depends to a great extent on the wave-length of the light employed. Thus at very short wave-lengths there appears to be very considerable decomposition of the monomer which seems to result in the production of either a retarder or inhibitor of the polymerization process. To avoid this as far as possible a filter of 50 % acetic acid in water was inserted in the path of the light, thus effectively removing all light of low wave-length.
Monomeric vinyl acetate of commercial grade was obtained from Shawanigau Ltd. Hydrolysis of the monomer results in the formation of acetaldehyde which has been shown to be an inhibitor of the gas-phase reaction so that its complete removal is essential. Purification was carried out by the fractional distillation of the crude monomer until the distillate gave-dnly a very faint coloration with Schiff's reagent on standing for 5 min. Only the cut between 72 and 73° C was retained. This was redistilled at atmospheric pressure and stored in a tightly stoppered dark bottle. A suitable quantity of the purified monomer was transferred to the reservoir on the vacuum apparatus and sealed off. The monomer was frozen in liquid air and the reservoir evacuated, then isolated from the pumps and the liquid air removed. The dissolved air escaped and the process was repeated until no trace-of air was noted. Finally, the first 5 c.c. or so of the monomer was distilled directly to the liquid-air trap further to ensure purity. Small quantities of monomer received from Boake Roberts Ltd. and I.C.I. Ltd. were similarly treated and gave the same experimental results, thereby establishing the method of purification as being adequate. Benzoquinone which was used as an inhibitor was purified by steam distillation, followed by thorough drying and sublimation. For convenience it was made up temporarily in freshly distilled acetone.
The ultra-violet absorption spectrum of the monomer
The absorption spectrum was photographed on a Hilger quartz spectrograph using w-hexane of spectroscopic purity as the comparison liquid. The solvent and solution were contained in microcells, 5 mm. in length. The usual technique was followed in mapping the absorption spectrum which is shown in figure 2. I t will be seen th at the value of the extinction coefficient falls'fairly rapidly a t first and then more slowly. This is somewhat the same as in the case of methyl methacrylate and was then associated with the double bond and the -COO. CH3 group present in that molecule. Similar results with other molecules which do not contain an ester group suggests, however, that the two parts of the curve are the characteristic of the molecule rather than a part of it.
The bulk photopolymerization of vinyl acetate
Since the density of the polymer formed is independent of the molecular weight of the macromolecule, it is convenient to use the density change as an accurate measure of the course of the reaction. This is most readily accomplished by measuring the contraction of the monomer as it polymerizes, the total volume contraction being 26*8 2 % for 100% polymerization at 25° C (Starkweather & Taylor 1930) . The reaction vessel was of such dimensions that a drop of 0*01 mm. which could be detected by the cathetometer used, corresponded to an extent of polymerization of about 0*03 %. Checks of the final amount of polymer were made by the determina tion of either the refractive index of the mixture, using the results of Breitenbach & Raff (1939) , or by the evaporation of the monomer under high vacuum from the mixture of the monomer and polymer, and weighing the polymer remaining.
The course of the reaction over the initial stages is shown in figure 3. It will be seen from table 1 that the reaction is of zero order with , respect to the monomer concentration. It was decided that it was not worth carrying the reaction further than this stage, since the increasing viscosity of the solution made the meniscus shape change considerably, and in the viscous liquid temperature control became much more difficult because of the hindrance of the convection currents and the poor thermal conductivity of the reaction mixture. Also as the conversion becomes greater there is the possibility of an explosion like polymerization (Schulz 1941) , and that this does occur is shown in figure 4 . The zero order of the reaction over such a large percentage of reaction is, at first sight, surprising, but the explanation would appear to be as follows. It will be shown in a later paper that the rate of reaction is proportional to the first power of the monomer concentration (naturally this cannot be tested with the pure monomer, since the value of the monomer concentra tion is fixed by the density of the liquid). During polymerization the monomer concentration remains practically unaltered, for the gradual accumulation of polymer causes no significant reduction in the vapour pressure of this mixture owing to its high molecular weight. Similar results have been obtained in the catalyzed polymerization of methyl methacrylate (Norrish & Brookman 1937) . If the absorption of the activating radiation is dependent on the concentration of monomer, the results shown in table 2 may be readily obtained. This shows definitely that it is not possible with certainty to derive information on the nature of the termination reaction without investigating the overall kinetics to a much greater extent. 
The intensity exponent of the polymerization will give a definite clue to the nature of the chain-breaking process. For either of the first two cases in table 2 the rate of reaction is proportional to the light intensity, while for the third case the rate is proportional to the square root of the intensity of absorbed radiation. Hence a distinction can be readily drawn.
The intensity of the light was varied by means of perforated screens whose trans mission was measured by means of a photocell. The distance apart of the holes was such that no interference could be caused due to distinct beams of light, as has been described (Jones & Melville 1940) . In each case the rates under the total radiation and with the screen in position were measured, and in figure 5 the log relative value of the rate is plotted as a function of the log relative value of the intensity. It is easy to show that the relationship ought to be a straight line whose slope gives the value of the intensity exponent, since R = *{/</»», where R is the rate, k a proportionality constant, /(/) some function of th intensity, and n the intensity exponent. Putting the above expression in logarithmic form gives log R = logk+nlogf(I), so that the log plot must obviously be a linear one as described above. From the graph of figure 5 the value of the intensity exponent works out at 0-50. Using the kinetic theory of Melville & Gee (1944) this implies that the termination reaction involves the mutual destruction of two of the growing polymer molecules. Assuming that the chain carrier is a free radical (evidence for which will be given in a subsequent paper), it is obvious that termination may take place by two distinct mechanisms. First, the radicals may simply combine to give one inert or 'dead' polymer, by the scheme -CH2-CHX-+ -XHC-CHa-----> -CH2.CHA.AHC.CH2-, or, secondly, the reaction may be such th at one of the free radicals dehydrogenates the other so th at both molecules are stabilized, thus -CH2. CHX-+ -XHC. CH2----» -CH2. CH2X + CHX=CH-.
If, as is most likely in this case, the initial step is the formation of a free diradical, 1,e* CH2.CHJr + fo>=-CH2.CHX-, then it is obvious th at the most likely-if not the only-mechanism for mutual termination is the second of the above. Unfortunately, the value of the intensity exponent does not lead to any conclusive mechanism, since for both the above mechanisms the value of the exponent is 0 5 . log (relative intensity x 100) Figure 5 . The intensity exponent.
I t is interesting th at in this case the value is so close to 0*5, since it excludes the possibility of any other type of termination mechanism operating simultaneously. In the case of the vapour phase polymerization of vinyl acetate the value of the intensity exponent is appreciably greater than 0*5, which would suggest th at there is a considerable amount of termination by some mechanism other than mutualprobably by the walls of the vessel. For the catalyzed polymerization of vinyl acetate again it is found that the rate of reaction is accurately proportional to the square root of the catalyst concentration, again implying th at a mutual termina tion mechanism is solely responsible for the breaking of chains (Cuthbertson, Gee & Rideal 1937) .
The quantum yield
As a quantum counter in these experiments a Baird television photocell, fitted With a silica envelope, was used. In the set-up employed the photocurrent flowed through a number of resistances in senes in order to facilitate the use of the instru ment over a wide range of light intensities. The potential difference over a suitable resistance was measured on a Marconi type valve voltmeter, capable of reading to 0* 1 mV. The high-tension supply for the photocell was an ordinary 120 V dry battery, the voltage of which was frequently checked in order to ensure constant running conditions for the photocell. All the comparative measurements were made on the linear portion of the characteristic curve for the photocell.
The photocell was calibrated for various lines in the mercury spectrum against uranyl oxalate, using the following technique. The cell was mounted in a brass tube which was fitted with an aperture about 7*5 mm. in diameter. Light from a highpressure arc was focused on the aperture by means of a pair of silica lenses in such a way th a t the diameter of the beam was just equal to th at of the opening, and the image fell centrally on the sensitive plate of the photocell. Using a suitable filter, a given line or narrow band in the ultra-violet region could be isolated. After a reading had been obtained on the voltmeter, the photocell was removed and replaced by a shallow dish containing a known amount of uranyl oxalate solution. After a definite period of illumination-usually about 6 hr.-the oxalate was titrated against a standard solution of potassium permanganate at 80° C. Comparison with a blank titration made the computation of the light intensity possible with reference to the quantum yields of the oxalate reaction. I t was found th at the sensitivity of the cell increased rapidly a t first and then less rapidly and finally reached a maximum in the visible blue region.
Losses of light in these experiments could result from (a) reflexion at the various interfaces and (6) absorption by the water of the thermostat bath. Losses by reflexion were found to be negligible by comparison of the light transmitted through the empty reaction vessel and with the vessel filled with w-hexane of spectroscopic purity. This is not altogether surprising, since the refractive indices of the liquid and silica are not very much different. Losses due to absorption by the water amounted to some 7 % of the total radiation, by a similar comparative measurement.
A silica lens was used to bring the light into a slightly converging beam of approxi mately the same diameter as the reaction vessel. The final image again fell centrally on the sensitive plate of the photocell. The fight beam required to be slightly con verging in order to fulfil the final condition. All fight which did not pass through the reaction system was prevented from reaching the photocell by means of a fight metal shield, with a sleeve, which fitted round the end of the reaction vessel. The intensity of the ultra-violet fight passing through the cell was measured both with the cell empty and filled with monomer, from which the intensity of the absorbed radiation could be found. Frequent checks were made in order to ensure th at the running of the lamp was perfectly steady and the fight absorbed was always constant.
The quantity of polymer produced was determined by measurement of the refractive index of the mixture on a Pulfrich refractometer, using the sodium D fine as a source of illumination. Table 3 gives the results obtained from these experiments.
The figure in the bracket in column 3 of the table was obtained by evaporating off the monomer under high vacuum and weighing the residual polymer. It will be noted Velocity coefficients fo r polym erization processes. I from this table that the values of the kinetic chain length, vk, are in the ratio of 6-6:1, while the ratio of the square roots of the corresponding intensities is 7:1, which is in good agreement with the theory. Assuming that no transfer takes place in this reaction, it should be possible to obtain a value for the primary quantum efficiency from a determination of the number average molecular weight of the final product. This is, however, complicated by the fact that the nature of the termination reaction is not known with certainty. If the breaking of the chains should result in the formation of two molecules of 'dead' polymer, then this method will give the true value of the primary quantum efficiency. If, on the other hand, the termination reaction should bring about the formation of only one inactive molecule due to the combination of two of the growing chains, then the molecular weight would obviously be, on the average, twice the kinetic molecular weight, so that the value of the quantum efficiency would be half of the true value. Osmometric measurements on the samples obtained from the first three experiments are quoted in table 3. The osmometer used was of the type suggested by Fuoss & Mead (1943) and had a vertical capillary. The membrane used was bacterial cellulose, details of whose production, treatment and use have already been given (Cruickshank, Masson, Melville & Menzies 1946) . The results obtained by this method give a molecular weight of 120,000 ± 4000 or a chain length of 1400 ± 50, which is in comparatively good agreement with the kinetic chain length and suggests that the primary quantum efficiency is probably unity. This means that the number of chains started per second is equal to the quantum input per second.
In order to verify this conclusion as completely as possible it is necessary to devise a means of ensuring that the number of chains started can be counted. By the choice of a sufficiently strong inhibitor this becomes possible. It has long been known that p-benzoquinone acts as an inhibitor towards the thermal polymerization of styrene (Foord 1940 ). Since it is highly probable that the chain carrier in this case and also in the photopolymerization of vinyl acetate are of the same type, p-benzoquinone was tried as an inhibitor of this reaction. The ultra-violet absorption spectrum of the quinone has a minimum in the region under discussion, so that there can be no internal filter effect (Marchlewski & Moroz 1924) . The following general observations were made on the behaviour of the quinone in this reaction. Inhibition is complete over a considerable period whose duration depends on the concentration of the quinone initially present, and during this period the colour of the solution fades and finally disappears. On the disappearance of the colour the rate of polymerization is the same as th at which is found without the inhibitor. This means that it is impossible for the inhibition to result in the formation of a compound which may act as an inhibitor or even retarder of the polymerization reaction. Table 4 gives the results for the experiments, carried out using a light intensity of 5-0 x 1015^y/sec. at 25° C. In figure 6 is plotted the course of a number of reactions which shows clearly the effect of the addition of the quinone. The curves obtained by Foord for-the thermal polymerization of styrene follow a somewhat similar course for benzoquinone inhibition. Foord found that other quinones were not so effective, but, unfortunately, this cannot be tested here because of the absorption spectra which contain maxima in the region of 3000A in the case of the other members of the quinone family. Experiments of the same type were carried out under the conditions employed for the quantum yield experiments. The same proportionality was observed, and the results of the experiments are shown in table 5.
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In the calculation of the primary quantum efficiency in this table it has been tacitly assumed th at only one molecule of the quinone is required for the breaking of the chain. The stoichiometric analysis of the reaction by Goldfinger et al. (1943) tends to justify this assumption. Also it is evident from the shape of the curves in figure 6 th a t the initial growth before stopping can be beyond probably a dimer, but even if a dimer is formed this has no effect on the calculations given above. Chemically the reaction still requires further investigation, although some points may be made here in order to clarify the situation. The mode of action of quinone appears to be twofold in the inhibition of poly merization reactions. If the reaction is initiated thermally or photochemieally then the results which have been given here are applicable. If, however, initiation is by a catalyst, such as a peroxide, the final state is reached only slowly. There is initially a period of complete inhibition followed by polymerization, and the rate of poly merization increases slowly towards a maximum. We suggest th a t the difference is due to a difference in the nature of the chain carrier. In the first case it is almost certainly a diradical and in the second a monoradical. The dimeric diradical could undergo a modified Diels-Alder reaction 'with the quinone, thus: O Now it is known th a t the addition of a further such diradical is unlikely, so th a t the fact th a t inhibition or retardation is not caused by the product is accounted for. In the case of styrene some progress was made along these lines, .and a compound of molecular weight 310 and constitution C22H 180 2 was isolated. This conforms to the above if X. = C6H 5. I t is interesting to note th the catalyzed reaction considerable quantities of hydroquinone were isolated. This is an efficient retarder of the photopolymerization of vinyl acetate (Vernon & Taylor 1931) , so th a t further support is given to the ideas which have just been pu t forward.
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The normal reaction between a free monoradical and a qninone molecule will account for the formation of hydroquinone. This reaction may be shown schemati cally as but this appears to have some weakness in that a substituted quinone is formed which has probably a high colour-which is not supported experimentally-and more than one quinone molecule is used to stop the chain.
The energy of activation
In gas-phase polymerization processes the measured energy of activation always appears to be negative, which is not in keeping with the general kinetic conceptions. This may be due to the fact that in such reactions the formation of the polymer implies the formation of a new phase upon which adsorption of the monomer may take place. As the heat of adsorption is, in most cases, unknown, no correction can be applied. In a system which remains homogeneous during the course of the re action, it would be expected that normal values of the energy of activation would be obtained.
In this case the rate of the reaction was measured in sealed tubes at temperatures from 18 to 45° C. Corrections were applied to allow for the density changes at the different temperatures although these were not very great. The reaction velocity was found to increase as the temperature increased, thus giving rise to a positive value for the energy of activation. The usual plot of log rate against the reciprocal of the absolute temperature gives a value of 4*40kcal./g.mol. for the energy of activation. The results are set out in detail in The value for the energy of activation agrees with th at obtained by Vernon & Taylor (1931) , who found a value of approximately 4 kcal./g.mol. The positive value of the activation energy appears to support the view th at for gas-phase re actions a correction due to the heat of adsorption ought to be made. This had been done in the case of the polymerization of chloroprene (Bolland & Melville 1938) when the corrected value is of the same order as th at given here. I t will be shown in a later section that this energy of activation is wholly due to the propagation step of the reaction, and since the primary quantum efficiency is unity, i.e. as high as possible, it is probable that the rate of initiation is temperature independent, so th at .the energy of activation of the termination process is zero.
Transfer reactions
Although it has been stated in several papers th at transfer is liable to occur in bulk polymerization, there is little in the way of concrete evidence to support the view. Although it has been shown that there is no detectable transfer in this reaction it might be of interest to work out the formal kinetics of this type of reaction on the lines adopted by Melville & Gee (1944) .
The reaction steps may be formulated as By adding these equations to infinity then M = {Ekmm ) \ or {fmy = The rate of reaction will be given by
-^s r = f(I)+ (* > £k*.(p.)+ ( m E k ri(p,). Velocity coefficients fo r polym erization processes. I
Now, assuming, after the manner of Melville & Gee, th at Kn = S~lkmn and Jcfn = fi~1kmn, where 8 and fi are both independent of the molecular size, theñ^r
=f(I)+{M)
If, as is general, the chains are very long, then the first term may be omitted and substitution of the value of ZkmfP ) a found above will lead to -(ilf){/(/)}* {/.-* + <?->}.
This means th at the reaction will still be proportional to the square root of the light intensity providing th at the mutual termination mechanism is still operative for the final breaking of the chains.
D e t e r m in a t io n o p t h e l if e tim e of t h e a c t iv e p o l y m e r
As was pointed out earlier in this paper, the overall rate for the bulk photo polymerization of vinyl acetate is proportional to the square root of the intensity of the absorbed radiation. This feature of the reaction makes it possible to obtain experimentally the value of the life time of the growing chain. The fact th at the reaction velocity is constant during the initial stages of the reaction makes this a comparatively straightforward matter. The use of intermittent illumination to achieve the measurement of the life time of the active particle was suggested by Chapman, Briers & Walters (1926) , but his mathematical analysis made it necessary to rely on trial and error methods for the ultimate determination. The mathe matical treatment was considerably simplified by in an attem pt to apply the method to the vapour-phase polymerization of methyl methacrylate. The choice of this monomer made it impossible, on account of the complexity of the reaction, to obtain much more than a very rough idea of the life time.
The theory which will be elaborated here is a simplification of a somewhat more complicated theory due to Dickinson (1941) . The theory will be applicable to all chain reactions in which the rate obeys the square-root law which has been men-• tioned. In the case of polymers there is the added difficulty that there is the possibility th at the values of the kinetic coefficients will depend on the molecular size of the polymer molecules involved, so that in the simplified theory only an average Value for these quantities can be obtained. I t is, however, easily practicable to change the molecular size of the particles at will by varying the intensity of the light, since the molecular weight of the product is inversely proportional to the square root of the fight intensity. By this method it is obviously possible to investigate any change in the values of the kinetic coefficients with molecular size. By measuring the fife time of the active particle at different temperatures it is also possible to separate the energies of activation for the various stages of the reaction, and this will even tually lead to the complete fundamental analysis of the reaction.
One of the main difficulties with this reaction is that the chain length cannot be reduced much below 150. With this length of chain it is highly probable that the kinetic coefficients are relatively insensitive to further changes in molecular size. At much lower chain lengths, say of the order of 10, this is unlikely to be true, and an investigation along those lines might be profitable.
Theory of inter m itten t illitmination
In general, it can be stated that if the rate, of a photochemical reaction is related to the intensity of absorbed radiation by Ecc {/(/)}*, where n< 1, then for intermittent illumination in which the periods of light and da are very short, i.e. very much less than the life time of the active species, and are equal, the situation is the same as that for using half the intensity, so that For long periods of light and dark the system is virtually illuminated for only half the time, so that " ", ' longOC \{f {I ) } n. In the polymerization reaction it will be assumed that steps are represented by the following sequence of reactions:
where Mi s a monomer molecule, Pr an active polymer molecule of r units, and Mr the corresponding deactivated polymer. When a steady state has been reached it is obviously true that the stationary state equation will be = / ( 7)~ H P )l = 0,
where (P)s is the steady concentration of all the active particles under a steady illumination of /(/) and kt is the termination velocity coefficient. Hence, from equation (1),
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For intermittent illumination the periods of light and dark have to be considered separately. During the light period the variation in (P) will be governed by the equation
and during the dark period by d(P) kt(P)*.
Integration of equation (3) leads to the instantaneous value of the concentration of all the active particles at any time during the light flash, i.e. {^j * t a n l i -i { i } * ( P ) = /</)«+«" (5) which, by substitution of the expression given in equation (2), leads to the form
Integration of equation (4) leads to the value of (P) during the dark period. This will be j Jpj If &^ + c8> f §| where (P)a is the value of (P) under steady illumination, and cv c2 and cs are constants of integration. The average concentration of the active particles during the light period will be given by the expression ( n = M (P)<u
= JL in f1 ~tanh2 + Cg)]* ktt \l -tanh2 (P)s (ktTx + c2)/ « J L i n E r l 0 s i M ! | 2in* U -{ ( P ) i/( n ) T In the same way the average value of (P) during the dark period is given by
where (P)x and (P)2 denote the values of (P) at the beginning and end of the dark period, t is the duration of the light period and r is the ratio of the dark to the light period.
The average value of (P), (P)0 over all will be defined by
Substituting equations (8) and (9) in equation (10) ktrt. and from*equation (7) (P)i Equation (12) may be rewritten in logarithmic form to give
Substituting this in equation (11) leads to
+ ln (P M + ln c p rj , i + ( W k Substituting further the value of (P)2 given by equation (13) Hence m is the number of times that the duration of the light flash is greater than the life time of the active polymer. Figure 7 shows the value of (P)/(P)S plotted as a function of calculated from equations (6) and (7), assuming that the constants of integration can be neglected. It will be seen that for slow rotation of a sector, i.e. when the periods of fight and dark are long compared with the fife time of the active polymer the value of (P)/(P)S rises to almost unity during the fight period and falls to almost zero during the subsequent dark period. During the succeeding cycles this behaviour is simply repeated. When the periods of fight and dark are short in comparison with the fife time, i.e. when a fast-rotating sector is used, the value of ( rises rapidly during the light period and falls less rapidly during the dark period until a state is reached in which the rise during the light period is offset by the fall during the dark period. This results in the rapid establishment of a steady state, which, in figure 7 , is when the value of (P)/(P)8 is 0*5, since the ratio of light to dark periods is 1:3 in this case:
Velocity coefficients fo r polym erization processes. I Curve II, low-sector speed. Figure 8 shows the values of {P)f{P)8 , (P)2/(P)8 and (P)J(P)S again as a function of m for the ratio of dark to light periods equal to 3. The important part of this figure is the first curve, since it is from this and the others corresponding to it for different values of r that the curves shown in figure 9 are derived. These curves show the variation in the overall concentration of the active species with sector speed for various values of r. For convenience the ordinates have been multiplied by ( r + 1)* so that the curves are all asymptotic to unity. I t will be seen that the higher the value of r the more rapid is the descent of the curve, but this advantage is offset by the fact that the overall rate of the reaction is considerably reduced. Indeed, in many cases there is little advantage in using a high ratio of light to dark, and equal periods of light and dark will suffice since the overall change in velocity is of the order of 30 % for the transition from very fast to very slow sector speeds.
As was stated earlier this idea is based on a somewhat similar analysis due to Dickinson (1941) and possesses several advantages over the original theory by Chapman et al. (1926) . As will be seen from the curves in figure 9, for = 1, i.e. for equal periods of light and dark, the value of (P)0/(P)8 begins to fall off when 1, i.e. when the duration of the light flash is equal to the life time of the active particle under steady illumination. Now the rate of the reaction will be proportional to the concentration of the active particles, so that the relative values of the rates under steady and intermittent illumination will follow the same course as the curves for the relative concentrations under the different conditions. This means th at the value of the rate will also begin to fall when the value of m is unity, so th a t the value of the life time of the active species can be stated definitely without further calcula tion. I t should be noted th at the value of the life time obtained is under steady A 0 6 illumination. Alternatively, the rate of reaction may be plotted against log (f(I)H), and on the same scale the appropriate curve from figure 9. The separation of these two curves will automatically give the value of log (&,)*, so th at the velocity coeffi cient for the termination reaction may be determined direotly.
Another method of finding the value of t eliminates the necessity of drawing the full curves with any degree of accuracy. I t is merely necessary to obtain the rate of reaction with the sector rotating a t a very high speed and then at some intermediate speed for which the duration of the light flash is known. The ratio of the rates for these two speeds is calculated, and the corresponding value of m found from the theoretical curve which is applicable. Hence the value of r may be found since m is, by definition, the number of times that the duration of the light flash is greater than the life time. Such a simplification was not used here, since it was of greater interest to see how the theory corresponded to practice, but the method was used later in connexion with the value of the kinetic coefficients in precipitating media, details of which will be published in a later paper. The term /( /) which has been used throughout will, in effect, be the absolute rate of initiation of the chains and, in this case, fortunately, it is possible to deduce this from the benzoquinone inhibition which was described earlier. This naturally limits the applicability of the method to systems in which the evaluation of the primary quantum efficiency can be determined.
Experimental technique
The simplest method of obtaining intermittent illumination is by the use of disks, cut with sectors, which are rotated at a constant speed in the path of the light. This practice has been followed here. The disks were made from galvanized iron sheet, painted black to avoid reflexion effects, and having a diameter of about 14 in. The sectors cut in the disks had a depth of about 2 in. and an opening of either \ tt or
The former was used when long periods of fight and dark were required and the latter for short periods of illumination-down to about 7 msec. This was found to be the most satisfactory method, since it was not found to be possible to control the speed of the motor at excessively low speeds. The sector opening has to be greater than the area of the reaction vessel in order to avoid merely scanning the system.
The sector disk was screwed to a copper bush whose spindle was insulated and connected to the driving axle of a 35 W universal electric motor. The outside of the spindle of the bush was fitted with two pieces of inlaid insulation. Brushes, made from phosphor bronze strip, were constructed to run on the spindle; the system was connected through a 12 V supply to a Veeder Root magnetic counter having a resolution greater than 800/min. The time required for a given number of revolutions was measured on a stop-watch reading to 0-1 sec., and from this the duration of the fight flash could be calculated. The speed of the motor could be varied by means of a 'Variac' autotransformer whose output varied from 0 to 250 V. Checks on the speed of the motor were frequently made in order to ensure constant running conditions.
In carrying out a run the following procedure was adopted. Since, as has already been pointed out, the rate of reaction is constant during the initial stages, it is possible to carry out a complete determination of the fife time in one run. The sector Velocity coefficients fo r 'polymerization I Vol. 189. A.
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was allowed to run at a constant speed for 10 to 15 min., and the drop in the meniscus level measured by means of a cathetometer. The speed of the motor was altered and the rate of reaction again determined. This made it possible to cover a considerable number of sector speeds in one run. but obviously the technique can be used only if the reaction is a linear one. These experiments were carried out at temperatures of 15-9 and 3f-4° C to find the values of the energies of activation for the termination and propagation steps of the reaction, since it is assumed that the rate of initiation is independent of temperature. To check the possible effect of molecular size the intensity was reduced by the insertion of a suitable screen, to 0*25 of its original value, which has the effect of doubling the chain length.
Results
The main results of the experiments are set out in table 7. The values are plotted as a function of the time of flash in figure 10. From this curve compared with the theoretical curve and using the method of interpretation suggested, the life time of the active particle is 2-25 x 10~2sec. at 15-9° C. As was explained earlier, the equations used in the calculation of the individual constants have to be simplified in comparison with those used by Melville & Gee. I t is assumed that for the propagation step the actual value of the velocity coefficient can be written as kp, but there is no assumption that this coefficient is, independent of molecular size. Similarly, the velocity coefficient for termination is written as kt. Thus it will be seen that the results quoted here will be average values for some particular average degree of polymerization. Making these assumptions the steady state equation will be^j P = / ( / ) -W 2 = o, where (P) denotes the concentration of all the active particles. The overall rate of reaction will be given by the expression
----------■ -------*-------------------n -----------: ---------I-------------------
Since/( /) is the intensity of the light usefully absorbed it is, in effect, the rate of starting of the chains. I t was found that the length of the inhibition period for the addition of 0*0024 g. of benzoquinone was 48 min. Assuming, as previously, that one molecule of the quinone is effective in stopping a chain then the useful light input *S / ( / ) = 5*0 x 1015Ai>/sec.
The final results are required to be in litre, g.mol. and second units, so that this has to be converted to units corresponding to those. The measured capacity of the reaction vessel was 13*0 c.c., and we consider that we are justified in saying that this is the volume of the absorbing medium. Hence f(I) -6*35 x 10~7einsteinl.~1sec._1. The overall rate of polymerization under this steady illumination was found by direct measurement on the dilatometer and gives that = 1*1 x 10~41. g.mol.-1 sec.-1, Velocity coefficients for polymerization processes. I 4 taking the density of vinyl acetate as 0*86. I t is possible to show that under conditions of steady illumination, the following equation is true provided that r is small (Jones & Melville 1940) :
In this case, the value of d(P)fdt is given, which is the rate of starting chains, and, the life time of the active species, so that it is possible to calculate the concentration of the active particles. This gives (P) = 1*42 x 10~8g.mol./l. In order to calculate the velocity coefficient for the growth process equation (17) can be rewritten in the form ...
Substituting the relevant values in this, then kp = 7*7 x 102l.g.mol.-1sec.-1.
1 -2
Also from equation (18) These experiments were repeated at 31-4° C when it was found that the value of the life of the active polymer had not changed appreciably-the new value of the life time was 2-30 x 10-2sec. It was considered that this was within the limits of experimental error to be expected from this type of reaction, so it can be said that the life time does not change. It is obvious from the analysis that has preceded this that if the life time does not change then the value of the velocity coefficient for the termination process also has not changed. This means that the energy of activa tion for the termination process must be zero, and, therefore, the overall energy of activation which has already been given must be the energy of activation of the propagation step, since it is justifiable to assume the initiation rate to be temperature independent. Since kp must be defined by
which gives a value of 1*65 x 10® 1. g.mol.
-1 sec.-1 for A p. Assuming, as is most likely, that the growth reaction is as a result of a bimolecular collision between the growing polymer and the monomer, the number of such collisions taking place in a normal liquid per sec. is 1011 (Moelwyn-Hughes 1940), so that the steric factor will be of the order of 10-5. The value of 1011 for the number of collisions per sec. is taken, in this case, since it is believed that the number of collisions between the monomeric molecules and the active end of the chain will be of the same order as that between molecules in a pure liquid. In effect, the motion of the macromolecule as a whole is not considered but only the active part of it, whose motion will not be seriously restricted. In the same way it is obvious that the A factor for the termination reaction will be of the order of 109 so that the steric factor will be around 10-2.
From the constants which have been given it is possible to calculate the value of the kinetic chain length. This is done most simply from the relationship
where vk is the kinetic chain length. The relevant figures give the value of the chain length as 174. In order to check this conclusively osmometric measurements were made on the polymer in order to obtain the number average molecular weight. This was found to correspond to a chain length of 176. A similar series of experiments was carried out with a light intensity of 1*6 x 10-7 einstein l.-1 sec.-1. In this case the chain length was increased, but the 478
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Velocity coefficients for polymerization processes. I 479 life time did not increase in quite the same ratio. Table 8 gives the results of both series for comparative purposes. There appears to be some reason to expect a slight variation in the values of the kinetic coefficients, as the degree of polymerization varies. This is compatible with the idea that the macromolecules are extended in solution. If the original molecular model of a spherical molecule with an active patch had been correct, it is easy to see that the order of the change would have been considerably greater. Thus an extended molecule is seen whose active end is subjected to only slightly restricted motion. Figure 11 shows a normalized experimental curve (curve II) with the theoretical curve (curve I). It will be seen that except in the lower regions there is very good agreement. I t may be that the discrepancy is due to the fact th at the theory of polymer reactions has had to be very much simplified in order to allow of the formu lation of the theory of intermittent illumination. In the lower region, i.e. with slower sector speeds, if the degree of polymerization increased it is possible that there is a drop in the value of the termination coefficient, this would account for the discrepancy.
The most interesting of the results appears to be the comparatively high value of the steric factor for termination as compared with th at for the propagation step. Evans (1946) has attempted to explain this on the basis of the transition state theory. For this he assumes that the monomeric unit in the free state is capable of oscillating more freely than one incorporated in the polymer molecule. From this premise he has been able to correlate these results with the theory and derive results which are of a reasonable order of magnitude considering the nature of the reaction.
